In order to achieve a high-quality composite, a proper manufacturing technique should be used. Glass Fiber Reinforced Plastic (GFRP) structures are commonly manufactured using hand layup, vacuum bag and vacuum infusion process (VIP) which are cost effective techniques. This paper compares the tensile strength, modulus, inter-laminar bonding and surface macroscopy of GFRP composites made by hand layup, vacuum bag and VIP process. For this reason, at first GFRP sample were manufactured using these three methods and then tested for tensile properties. In the next step, these samples were modeled numerically and compared. The results show that the strength of the sample made by VIP process is 20 % higher than the hand layup and 11 % higher than vacuum bag sample. Also, the modulus of the sample achieved using VIP is 21 % higher that hand layup and 15% higher than vacuum bag technique. By comparing the failure mechanism of the samples, it was observed that the inter-laminar bonding is highest in VIP and then vacuum bag and lastly hand layup due to a smaller number of voids. Lastly the numerical results showed to have a good agreement with the experimental results.
INTRODUCTION
Nowadays, composite materials have found a wide application in many industries due to their high specific properties. These materials compose of reinforcing agents and a compatible matrix in order to obtain the desired properties. In composites, unlike in alloys, the components do not merge completely, but however do act in concert [1] . The matrix material used in manufacturing of composites consists of polyester, phenolic, polyimide, and epoxy. Reinforcements used could be different grades of carbon, Kevlar and glass where fiberglass provides a significant advantage on the costto-performance basis [2] [3] [4] .
They are many composite manufacturing techniques used today with each having their own advantages and disadvantages. Hand layup is the simplest and cheapest technique used today although the percentage of void is high in this process [5] [6] [7] . Vacuum bag almost has the advantages of hand layup but can produce parts with less number of voids [8] . Vacuum infusion process (VIP) has become very attractive in the recent years due to its ability to use cheap tools to build large parts.
VIP is a clean process that produces parts with high mechanical properties since fiber volume percentage could go up to 60 % in this process. In addition, low operator interference increases the process repeatability in comparison with open-loop-like techniques [9] [10] [11] .
There are few studies where the researchers have compared the properties of samples manufactured by different techniques. For example, Wisojodharmo et al. [12] compared the mechanical properties of the wind turbine blade made by VIP and Hand layup. The results of their research showed that composite materials made by VIP has better properties than the samples made by laminating method such that its modulus of elasticity was 40.36 %, tensile strength 42.54 % and the compressive strength was 106.87 % higher than the hand layup samples. Also, by using VIP, the weight of the sample was decreased by 38 %. Bhatangar [13] compared VIP and hand layup for manufacturing of a composite boat. The results from his experiments show that the bending strength of the test specimens manufactured via the VIP method is almost twice as the hand layup sample. Almost same result was reported by Yuhazri et al. [14] for Kenaf-polyester composites made with VIP and hand layup. Khalili et al. [15] investigated the compressive properties of a kevlar-glass/polyester sandwich composite with a balsa core. It was shown that using VIP, the compressive strength of the composite sandwich improves by 46 %.
In this paper, the tensile properties and inter laminar bonding of a glass/epoxy composite sample manufactured by vacuum infusion, vacuum bag and hand layup process has been compared.
MATERIALS AND METHODS

Material
2017 Epoxy supplied by Axson ltd. along with 2017 hardener was used as the matrix material. The specifications of the resin and hardeners are shown in Table 1 . As for the reinforcement, E glass fabric having 400 gr/m 2 supplied by AMP ltd. 
Sample manufacturing
For manufacturing of the composite samples, a glass mold with 50 cm length and 40 cm width was used. For hand layup samples, after the preparation of the mold, 8 layers were applied one by one at the angels of 0/90 until the required thickness of the sample was achieved. For vacuum bag samples, the procedure was same as hand layup after which the vacuum was placed around the mold and sealed. Finally, these samples were cured under vacuum. The manufacturing steps for VIP samples included applying the releasing agent to the glass mold, placing the peel ply layer and mesh infusion. The total number of fabric layers used was 8 in order to obtain the ASTM D3039 standard specimen thickness (2.5 mm). In the next step, the inlet and outlet resin transfer pipes were placed around the fabrics and finally the mold was sealed using a vacuumed bag. A resin trapper was used between the mold and the pump to absorb the extra resin through the outlet. When the setup was ready, the air inside the mold was evacuated by closing the inlet pipe after which the resin inlet valve was opened. In order to extract the extra resin and air bubbles inside the sample, after the complete feeling of the mold, the inlet line was closed while the vacuum pump continued to operate. After the samples were cured, they were taken out of the mold and cut according to the dimension of ASTM D3039 standard (25 cm × 2.5 cm) for tensile testing. The tabs used on both ends of the tensile samples were cut from the same sample and joined at the angel of ±45°. For each of the manufacturing techniques, 5 samples were manufactured. Figure 2 shows the prepared tensile using the three methods.
Note: upper -VIP; middle -vacuum bag; lower -hand layup Figure 2 . the prepared composite tensile samples by three techniques
Characterization of the sample
When the samples were ready, tensile testing was performed at the rate of 5 mm/min according to ASTM D3039 standard [8] on Santam S150 tensile testing machine. In order to increase the accuracy during the testing, extensometer was attached to the specimens. Figure 3 shows the manufactured composite samples during the tensile testing.
Figure 3. Samples tested
Finally, in order to observe the micro structure and voids of the produced samples, optical microscope with 50x magnification was used.
RESULT AND DISCUSSION
The average tensile strength and modulus of the 5 samples made by hand layup, vacuum bag and VIP has been presented in Figure 4 . As it can be observed, the strength of the sample made using the VIP is 11 % higher than the vacuum bag and 20% higher than the hand layup process. Also, the modulus of VIP sample is 15 % higher than the vacuum bag and 20 % higher than the hand layup samples. The reason could be the higher volume fraction of the reinforcement and less number of voids in the VIP samples. Figure 5 shows the failed samples of hand layup, vacuum bag and VIP. It can be observed that the inter-laminar bonding is highest in the VIP sample since no layer delamination is observed on this sample unlike vacuum bag which has a slight delamination and hand layup with a very large area of delamination. Figure 6 shows the images from optical microscope taken from the hand layup, vacuum bag and VIP sample. It can be observed that the VIP sample is free from void, since the layers are continuously soaked from extra resin, and the air bubbles are directed towards the outlet pipe. Comparing vacuum bag and hand layup, it is observed that hand layup has the highest amount of void since in vacuum bag process, some portion of the extra resin and void content is guided towards the top of the mold and into the bleeder layer. 
CONCLUSIONS
In this study, the tensile as well as inter-laminar properties of GFRP composite made by the three processes of hand layup, vacuum bag and VIP was compared.
It was observed that higher tensile strength could be achieved by VIP when compared with vacuum bag (11 % higher) and hand layup (20 % higher). The VIP sample had a modulus which was 15 % higher than the vacuum bag and 20 % higher than the hand layup samples.
The inter-laminar bonding was also observed to be highest in VIP and lowest in hand layup process. The reason is the higher volume fraction of the reinforcement and a smaller number of voids in the VIP and after that vacuum bag samples as compared to hand layup.
By examining the macroscopic surface of the samples, it was found that the specimen was made in a vacuum-free manner, free from any bubbles and dries.
In terms of cost and time, it can be noted that hand layup is the cheapest and fastest process among these processes. The vacuum bag is then placed in the second position, and finally in the VIP, which is the slowest and costliest process among the three processes. Consequently, in each situation, it should choose the desired process according to the properties, time and price of the process.
